I N T R O D U C T I O N
Decline in physical functioning is a common finding in patients with chronic kidney disease (CKD) [1] . Deterioration in activity of daily living begins already in early stages of CKD and progressively worsens, leading to a lower quality of life and ultimately shorter survival in these patients [2, 3] . One of the key contributors in performing activities of daily living is a proper walking pattern or gait [4, 5] .
Previous studies showed that patients with CKD more frequently experience gait abnormalities, which could lead to higher risk of fall in these patients [6] . Nevertheless, so far it has not been investigated whether there is a graded association between decline in kidney function and gait disturbances and whether the link between impaired kidney function and fall is more pronounced in subjects with lower gait function. In addition, gait is a complex process that includes various domains representing different abilities such as balance, physical strength and cognition. Evaluation of each domain can potentially provide unique information on the pathophysiology and level of the damage. No study has yet evaluated whether kidney function is differentially related to various domains of gait.
In this population-based study, we studied the independent associations of kidney function with gait pattern and various gait domains. In addition, we investigated whether the association between kidney function and prevalence of fall is stronger in subjects with lower gait scores.
M A T E R I A L S A N D M E T H O D S

Study population
The study was performed within the framework of the Rotterdam Study. The design of the Rotterdam Study has been described previously by Hofman et al. [7] . For this study, we used the third cohort of the Rotterdam Study including participants 45 years and older living in Ommoord, a district of Rotterdam, The Netherlands. Between March 2009 and March 2011, 1643 individuals from the third cohort were invited to undergo gait assessment. In total, gait measurements were performed in 1509 participants (exclusions were due to physical inability, refusal and technical problems). Given the tight link between gait and neurological disorders [8] , we further excluded 24 participants from the analyses due to the history of stroke (symptomatic cerebral ischaemia) (n ¼ 21), dementia (n ¼ 1) and symptoms of Parkinsonism (n ¼ 2). This resulted in 1485 participants, of whom 1430 had serum cystatin C data, and 1400 had urine albumin and creatinine measurements. The Rotterdam Study has been approved by the Medical Ethics Committee according to the Population Study Act Rotterdam Study, executed by the Ministry of Health, Welfare and Sports of the Netherlands. A written informed consent was obtained from all participants [7] .
Kidney function
Serum creatinine is influenced by muscle mass, and muscle mass is an important component of gait. Therefore, we estimated glomerular filtration rate (eGFR) based on cystatin C measurement, which is believed to be independent of muscle mass [9] . Serum cystatin C was measured with a particle-enhanced immunonephelometric assay. eGFR was calculated for cystatin C based on the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula [10] . Participants collected the first morning urine before arriving at the research centre. Urine albumin and creatinine were determined by a turbidimetric method and measured by a Hitachi MODULAR P analyser (Roche/Hitachi Diagnostics, Mannheim, Germany). Albumin-to-creatinine ratio (ACR) (mg/g) was estimated by dividing urine albumin by creatinine. Since ACR was not normally distributed, we used base 2 log-transformed values to obtain values per doubling of ACR. We added 1 to the non-transformed values to account for those who did not have albuminuria [11] . Apart from continuous measures of kidney function, we made three kidney function categories. We made the categories on the basis of two criteria: eGFR >60 mL/ min/1.73 m 2 and ACR <30 mg/g. The first category includes participants who met both criteria, while the second category included participants who met only one criterion. Participants who met none of the criteria were classified as the third category.
Gait and fall assessment
Details of the gait assessment have been published elsewhere [5] . In brief, a 5.79-m long electronic walkway with pressure sensors (GAITRite Platinum; CIR systems, Sparta, NJ, USA: 4.88 m active area; 120 Hz sampling rate) was used to assess gait. Standardized gait protocol consists of three walking conditions: normal walk, turning and tandem walk. In 'normal walk', participants were asked to walk eight times at their usual pace across the walkway. We considered the first walk as a practice walk and did not use it for gait parameter calculations. In 'turning', participants walked across the walkway, turned halfway and returned to their starting position. In 'tandem walk', participants were asked to walk heel-to-toe over a visible line on the walkway (Figure 1) . Using principal components analysis, we summarized mean gait parameters of both legs into seven gait domains: (i) Rhythm, reflecting cadence and single support time (time when the body mass is carried by a single limb); (ii) Variability, reflecting variability in step length and time; (iii) Phases, reflecting double support time (time when both feet are in ground contact) and single support time as a percentage of the total stride time; (iv) Pace, reflecting step length and velocity; (v) Tandem, reflecting errors in tandem walking; (vi) Turning, reflecting the number of steps and time needed to turn; and (vii) Base of support, reflecting stride width and stride width variability (Figure 1 and Supplementary data, Table S1 ) [5] . If necessary, gait domains were inverted so that lower values of the gait represent a worse gait. Subsequently, global gait was calculated as the z-standardized average of the seven gait domains. Since gait speed is the most commonly assessed gait parameter and has been shown to be a strong predictor of survival [12] , we additionally used gait speed from 'normal walking' (cm/s) as an additional measure of global gait. Fall was assessed using an interview questionnaire asking whether participants who fell in the last 12 months had serious consequences such as breaking a bone [13] .
Covariates Cardiovascular risk factors. Blood pressure was measured twice on the right arm with a random zero sphygmomanometer, after the participant had been seated for at least 5 min. The mean of both blood pressure values was used in the analyses. Information on antihypertensive medication use was based on home interview. Antihypertensive medications include diuretics, b blockers, angiotensin-converting enzyme inhibitors and calcium channel blockers. Information related to smoking (past/current/never) was based on interviews using questionnaires. Serum total and high-density lipoprotein cholesterol levels were measured using an automated enzymatic method. History of coronary heart disease was considered as a history of myocardial infarction or coronary revascularization procedures. Diabetes mellitus was ascertained using general practitioners' records (including laboratory glucose measurements), hospital discharge letters and serum glucose measurements from the Rotterdam Study visits, which take place roughly every 4 years.
Inflammation and metabolic factors. C-reactive protein was measured in non-fasting serum samples kept frozen at 20 C by use of Rate Near Infrared Particle Immunoassay (Immage Immunochemistry System; Beckman Coulter, Brea, CA, USA). Haemoglobin values were measured using the COULTER AC•T diff2 haematology analyser. Serum vitamin D concentrations measurements were performed with an electrochemiluminescence immunoassay (COBAS, Roche Diagnostics GmbH, Germany). Serum levels of calcium and phosphate were calculated using Roche/Hitachi cobas c analyser.
Locomotor factors. Instrumental activity of daily living (IADL) was assessed based on the IADL scale by Lawton and Brody and scaled between 0 and 24 [4] . Radiographic assessment of hips and knees was performed on participants. Hip and knee osteoarthritis were scored using the Kellgren and Lawrence (K&L) grading system. Radiographic osteoarthritis was defined as a K&L score !2 [14] .
Neurological factors. Brain magnetic resonance imaging (MRI) scanning was performed on a 1.5 Tesla MRI scanner (GE Signa Excite). Scan protocol and sequence details are described extensively elsewhere [15] . In brief, an automated segmentation approach, based on the intensities of the T1-weighted, proton density-weighted and the fluid-attenuated inversion recovery (FLAIR) scans and a conventional k-nearestneighbour classifier, which was extended with post-processing white matter lesion segmentation, was used to segment scans into grey matter, white matter, white matter lesion, cerebrospinal fluid and background tissue. All segmentation results were visually inspected and, if needed, manually corrected. Supratentorial intracranial volume was estimated by summing grey and white matter, and cerebrospinal fluid (CSF) volumes.
Cortical infarcts were rated on structural sequences, and in case of involvement of cortical grey matter, they were classified as cortical infarcts. Lacunes were defined as focal hyperintensities (size !3 and <15 mm) with the signal intensity of cerebrospinal fluid (CSF) on all sequences, and when located supratentorially with a hyperintense rim on FLAIR sequence. The presence of cerebral microbleeds was rated on a three-dimensional T2*-weighted gradient-recalled echo MRI scan by one of five trained research physicians, blinded to the clinical data. Apolipoprotein E (APOE) e4 allele carriership was assessed on coded genomic Deoxyribonucleic acid (DNA) samples. We performed multiple imputations for missing data in the covariates using a Markov chain Monte Carlo method, and used the imputed data for all the analyses.
Statistical analysis
We performed analysis of covariance where adjusted mean values of standardized z-scores of global gait were compared across different categories of kidney function based on both eGFR and ACR values. Mean values were adjusted for age, age squared, sex, height and weight. We used linear regression models to investigate the associations of kidney function markers with the outcomes including global gait, gait speed and different gait domains. Betas and 95% confidence interval (CI) were estimated per SD increase for eGFR and per doubling of ACR. We adjusted all analyses for age, age squared (given the quadratic association between age and gait [16] ), height, weight and sex. In additional models, we adjusted the analyses for Number of feet-2 was calculated as the turn step count. Tandem walk: tandem walk was defined as the error in tandem walk; in this example, the side step would be considered as the error.
Kidney function and gait cardiovascular risk factors (diabetes mellitus, systolic and diastolic blood pressure, smoking and antihypertensive medication), inflammation and metabolic factors (C-reactive protein, vitamin D, calcium, phosphate and haemoglobin levels), locomotor factors (presence of either hip or knee osteoarthritis and IADL) and neurological factors [intracranial volume, total brain volume, microbleeds, MRI-defined infarcts, white matter lesions, APOE4 carriers and mini-mental state examination (MMSE)]. To improve interpretability, in an additional analysis, we log-transformed global gait scores (a constant was added to all values to avoid missing for negative values) and reported the estimates as percentage increase in global gait scores. To explore whether any of the above-mentioned factors could modify the association between kidney function and global gait, we included an interaction term separately in each model. The interaction term was a product of kidney function markers and the above-mentioned factors. Nested models were compared using F-tests. In an additional analysis, we further adjusted the associations for use of nervous system medications [N02-N07 Anatomical Therapeutic Chemical (ATC) Classification codes]. For Tandem domain, analyses were adjusted for the step length and step count in the tandem walk. To study whether the association of kidney function measures with global gait and gait speed is influenced by individuals with comorbidities such as coronary heart disease, diabetes mellitus and kidney dysfunction, we repeated the analyses excluding participants with history of coronary heart disease, diabetes mellitus and eGFR <60 mL/min/1.73 m 2 (n ¼ 222). To explore whether the link between kidney function and falling is through worse gait, we used logistic regression models including kidney function as an independent variable and history of fall (in the past 12 months) as an outcome in participants with high and low global gait scores. We divided the population to low and high global gait based on the median of the global gait scores. Interaction was assessed by adding an interaction term in the regression model. The interaction term was the product of the kidney function measures and global gait scores. In the stratified analysis, we investigated the association of ACR and eGFR with history of fall in two groups of participants with low and high scores of global gait. To explore whether this association is independent of gait speed, we repeated the analyses adjusting for gait speed. All analyses were carried out using SPSS 20.0.2 for windows or R version 3.1.2.
R E S U L T S
Characteristics of the participants are shown in Table 1 and Supplementary data, Table S2 . The study population had a mean age of 59.7 6 5 years and 57% were women. There were 45 participants with eGFR <60 mL/min/1.73 m 2 and 73 individuals with ACR >30 mg/g. Figure 2 shows mean values of global gait and gait speed in categories of kidney function. We observed a trend (P-value <0.05) when plotting the adjusted mean values of global gait and gait speed across different categories of kidney function based on both ACR and eGFR, indicating that participants with worse kidney function have worse global gait and slower walking speed (Figure 2 ).
Kidney function, global gait and gait speed
The association of kidney function markers with global gait and gait speed is presented in Figure 3 . In the basic model (adjusted for age, age squared, sex, height and weight), higher ACR was associated with worse global gait [difference in standardized Categorical variables are presented as numbers (percentages), continuous variables as means (SDs) and white matter lesions and ACR are presented as medians (interquartile ranges). The following variables had missing data: blood pressure (n ¼ 4), smoking (n ¼ 1), coronary heart disease (n ¼ 39), antihypertensive medication (n ¼ 13), HDL (n ¼ 3), total cholesterol (n¼ 2), weight and height Figure 3) . Adjusting the associations for use of central nervous system medications did not change the associations (data not shown). Excluding participants with history of coronary heart disease, diabetes mellitus and eGFR <60 mL/ min/1.73 m 2 did not change our findings (Supplementary data, Table S4 ). No significant interactions were observed between kidney function markers and motor, inflammatory, metabolic, neurological and cardiovascular risk factors in relation to global gait or gait speed (data not shown). Figure 4 shows the association of kidney function markers with various gait domains. From seven gait domains, both higher ACR and lower eGFR were associated with lower scores of Variability (P-values <0.05) indicating that people with impaired kidney function have exaggerated gait variability. Furthermore, higher ACR was associated with slower scores in Pace domain and lower scores in Phase domain (all P-values <0.05).
Kidney function and gait domains
Kidney function, gait and risk of fall
In the total population, each doubling of ACR was associated with 1.24 higher odds of falling in the past year. Similarly, each SD (14.8 mL/min/1.73 m 2 ) was associated with 1.30 higher odds of falling in the past year. When dividing the population to low and high global gait, we observed that in subjects with low global gait scores, higher ACR was associated with higher prevalence of falls, whereas such an association was not found in subjects with better global gait scores [odds ratio (OR): 1.34; 95% CI: 1.09-1.65 versus OR: 1.15; 95% CI: 0.86-1.53].This difference was statistically significant (P for interaction ¼ 0.035). Similarly, lower eGFR was associated with higher prevalence of fall only in participants with lower global gait scores (OR: 1.58; 95% CI: 1.07-2.33 versus OR: 1.09; 95% CI: 0.74-1.60). This difference was statistically significant (P for interaction ¼ 0.011) ( Table 2) . Adjusting for cardiovascular risk factors, motor, metabolic and neurological factors as well as gait speed did not change the results (Table 2,  model 2 and Supplementary data, Table S5 ). This finding suggests that the association between kidney function and fall is more prominent in subjects with low global gait scores.
D I S C U S S I O N
In this population-based study, we observed that worse kidney function is independently associated with worse performance in global gait function and slower gait speed. From all the gait domains, both kidney function measures were associated with lower scores of Variability domain. Furthermore, in participants with lower scores of global gait, impaired kidney function was associated with more reports of falls in the past year.
The link between worse kidney function and decline in physical ability has been shown previously [2, 3, 17, 18] . Investigators from the Health, Aging and Body Composition (Health ABC) Study found that individuals with eGFR <60 mL/min/1.73 m 2 are more likely to have slower gait speed, reduction in lower extremity performance and lower strength [2] . Consistently, in the Cardiovascular Health Study, the investigators showed that a higher level of serum creatinine is associated with lower scores in activity of daily living [18] . The Framingham Offspring Study including participants with mean age of 68 years found that patients with CKD (as defined by cystatin C) experience a steeper decline in gait speed [17] . In this study, we showed that impaired kidney function is associated with higher prevalence of falls only in participants with low scores of gait. We also found that impaired kidney function was most prominently related to worse Variability domain, which previously has been shown to be specifically related to higher risk of falls [19] . Given the high occurrence of falls in patients with kidney disease [6] , gait abnormalities could be considered as potential predisposing factors for higher risk of fall in these patients. Most gait domains, Variability in particular, are difficult, if not impossible, to assess visually; hence, a thorough computerized gait assessment is potentially a useful tool to identify people most in need of fall prevention programmes.
Different factors can play a role in the association between kidney function and gait. Impairment in kidney function is known to be related to osteoarthritis [20] , inflammation and metabolic factors [21, 22] . In addition, patients with kidney disease are at higher risk of cerebrovascular and neurodegenerative disorders [11] , which has been reported to be tightly linked to gait [8] . Finally, cardiovascular risk factors such as smoking, high blood pressure and diabetes are also related to both FIGURE 3: Association between kidney function and global gait and gait speed adjusting for various potential factors. Base model: adjusted for age, age squared, sex, height and weight. Cardiovascular risk factors: adjusted for age, age squared, sex, height, weight, diabetes mellitus, systolic and diastolic blood pressure, smoking and antihypertensive medication. Inflammation and metabolic factors: adjusted for age, age squared, sex, height, weight, C-reactive protein, vitamin D, calcium, phosphate and haemoglobin. Motor factor: adjusted for age, age squared, sex, height, weight, presence of either hip or knee osteoarthritis and IADL. Neurological factors: adjusted for age, age squared, sex, height, weight, intracranial volume, total brain volume, microbleeds, lacunar infarct, cortical infarct, white matter lesion, APOE4 carriers and MMSE. impairment in kidney function and gait deterioration. Adjusting for these factors separately and including them in a model as an interacting factor did not fully explain the associations between kidney function and gait [4, 23] . From all the factors, adjusting for cardiovascular factors attenuated the association between kidney function and gait the most, suggesting that the relation could be partly explained by cardiovascular risk factors. Another explanation for the association between impaired kidney function and gait could be the direct impact of kidney function on gait. Impairments in kidney function, even in early stages, is associated with the accumulation of neurotoxins that have been shown to cause axonal loss with secondary or predominant demyelination, b2-microglobulin deposition in joints and connective tissue, and increased levels of inflammatory cytokines, which can all result in muscle mass reduction, muscle strength deterioration and loss of balance [24, 25] .
Strengths of our study include the relatively large sample size and availability of extensive information on various kidney function parameters and different neurological and cardiometabolic risk factors, which enabled us to control for several potential factors that can influence the association between kidney function and gait. Limitations of our study should be acknowledged. First, gait was assessed in a research setting and it is possible that people with severe gait problems are underrepresented in a population-based study. Nonetheless, our findings indicate that lower kidney function is associated with more subtle gait abnormalities before full-blown gait abnormalities become evident. Secondly, we have assessed the link between kidney function, gait and fall in a cross-sectional setting, which makes it difficult to address the temporal relationship of the association. It is possible that a fall results in gait problems and subsequent declines in health and kidney function. Finally, cystatin C levels and spot albuminuria may vary within persons The association of kidney function parameters with different gait domains. Grey bars with stars indicate statistically significant results. Differences (betas), and 95% CI are calculated using the per SD increase in eGFR and subject-specific standardized z-scores for various gait domains. Differences for ACR represent measures of gait components per doubling of the ACR. All analyses were adjusted for age, age squared, sex, height, weight and all the gait domains. For Tandem, analyses were adjusted additionally for step count and step size. Kidney function and gait over time and therefore single measurement of these markers may not reflect true values.
In conclusion, we show that worse kidney function is associated with slower gait speed and worse gait pattern. From all the gait domains, both low eGFR and high ACR were associated with lower scores in Variability domain. Our findings suggest that kidney function, even in early stages, is associated with impairments in gait, which may increase the risk of falling and lead to reduced quality of life and disability.
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